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ABSTRACT 
Attention-Deficit Hyperactivity Disorder (ADHD) is a common childhood disorder with 
heterogeneous symptom trajectories. Performance monitoring, which involves the ability to 
recognize errors and make behavioral adjustments, is one aspect of self-regulation that may 
contribute to symptom change. Early and late stages of error processing can be quantified via 
EEG-recorded event-related potentials. The final stage of performance monitoring, which 
involves making behavioral adjustments, is measured as post-error slowing. It is currently 
unclear whether impaired performance monitoring is associated with ADHD, specifically, or 
with comorbid symptoms of Oppositional Defiant Disorder (ODD). Here, better performance 
monitoring is hypothesized to be associated with ADHD, independent of comorbid ODD 
symptoms, and to predict ADHD symptom improvement. Method: 122 children from an 
ongoing longitudinal study (Control= 60, ADHD= 62) completed behavioral ratings and semi-
structured clinical interviews to assess ADHD and comorbid ODD symptoms. At annual follow-
up visits 5-8 years later, clinical assessment was repeated, and children completed a 
computerized emotional go/no-go with EEG recorded. Results: Controls had marginally larger 
ERN (p=.056, η2= .03) and larger Pe amplitudes than ADHD participants (F[1,118]=4.38, 
p=.04). Comorbid ODD did not explain these differences. Adolescents with ADHD also made 
less adaptive behavioral adjustments in emotional than in non-emotional conditions, 
F(2,198)=3.758, p=.025. Higher ERN amplitudes during positive conditions predicted greater 
ADHD symptom improvement, R2=.057, p=.016. Conclusions: Performance monitoring is 
associated with ADHD, independently of ODD. Emotional context does not affect error 
processing, but may interfere with adaptive behavioral adjustments for individuals with ADHD. 
Emotion dysregulation may also influence ADHD symptom trajectories.    
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INTRODUCTION 
Attention-Deficit Hyperactivity Disorder is considered one of the most prevalent childhood 
disorders, affecting 5-6% of children and adolescents (Michelini et. al, 2016), and an estimated 
6.1 million children in the United States (Danielson et al., 2018). ADHD is typically diagnosed 
in the early or middle childhood period based on developmentally inappropriate levels of 
inattention, hyperactivity, and impulsivity (Shiels & Hawk, 2010). The disorder is known to be 
highly heterogenous, which is demonstrated by differences in symptom presentation and 
cognitive impairment, as well as diverging developmental trajectories (Shiels & Hawk, 2010). 
However, the reasons for these different trajectories are not clear. One possibility is that 
differences in children’s ability to monitor and adjust their own behavior, also called 
performance monitoring, contributes to how much symptoms improve over time. Greater ability 
to monitor and adjust behavior may contribute to greater peer acceptance and academic 
achievement, as well as more improvements in ADHD symptoms. In addition, having more 
social support and reduced environmental stress could lead to healthier coping strategies (and 
less risky behavior), potentially lessening the impairing effects of ADHD symptoms across 
development. This research will examine differences in performance monitoring abilities using 
both behavioral and electroencephalogram measured event-related potentials (ERPs) to 
determine:1) if performance monitoring differences exists between ADHD and typically-
developing controls, 2) if any impairments in the ADHD group can be attributed to the presence 
of comorbid Oppositional Defiant Disorder, and 3) whether differences in performance 
monitoring help explain differences in ADHD symptom change over time. Results have 
implications for understanding the heterogeneous nature of ADHD and for improving clinical 
outcomes by determining which individuals need additional support early in childhood.     
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Performance monitoring in ADHD 
The ability to monitor performance, that is, to effectively recognize when mistakes are made 
and make behavioral adjustments, is critical for development, and particularly for developing 
adaptive behavior (Groen et al., 2008). There are several aspects of performance monitoring, 
which include error detection (with or without conscious awareness of the error), error 
awareness, and behavioral response adjustment. ERPs are one useful tool for measuring 
performance monitoring because distinct brain responses are related to each phase of error 
detection and error awareness. The two most common ERP components associated with 
performance monitoring are error-related negativity (ERN) and error-related positivity (Pe), each 
of which is an electrophysiological neural response that occurs in response to the conflict 
generated by errors (Sur & Sinha, 2009). The initial stage of performance monitoring is 
measured by examining ERN, which is a negative deflection occurring when the initial conflict 
between the correct and expected response is detected. The ERN is thought to be generated by 
the anterior cingulate cortex (ACC) (Shiels & Hawk, 2010) and is present when an error is made, 
regardless of the individual’s conscious awareness of the error (Groom et al., 2009). The ERN is 
typically followed by a positive deflection known as error-related positivity (Pe) that is generally 
thought to reflect conscious error recognition (Groen et al., 2008).  
There have been inconsistent findings regarding whether ERN is impaired in ADHD. 
Some studies find that children with ADHD have reduced ERN amplitudes when compared to 
children without ADHD (Groom et al., 2009; Meel et al., 2007; Marquardt et al., 2018; Liotti et 
al., 2005; Groen et al., 2008), but other studies fail to find any group differences (Zhang et al., 
2009). There is more consistent evidence for impairments in error awareness (Pe) than error 
detection (ERN) in ADHD. Pe is generally thought to be impaired in ADHD (Shiels & Hawk, 
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2010), which is determined by smaller Pe amplitudes in ADHD groups (Jonkman et al., 2007; 
Wiersema et al, 2009; Overtoom et al., 2002; Groen et al., 2008) Moreover, some studies have 
found differences in Pe even when there are not differences in ERN. For example, Wiersema et 
al. used a visual go/no-go computerized task on adults with and without ADHD to determine if 
error-processing deficits persisted into adulthood, and found that there were no differences in 
ERN, but that adults with ADHD displayed a smaller Pe (2009). Nonetheless, other studies find 
differences in both ERN and Pe (Groen et al., 2008). This was also true for Marquardt et al. 
(2018), who used a modified flanker task and found that overt behavioral responses were the 
same, but that the ADHD group had both reduced ERN and Pe amplitudes when compared to 
healthy controls. In part, these discrepancies may be related to differences in handling of 
comorbidity with the ADHD group. Other possibilities include small sample sizes, different ERP 
measuring techniques, the paradigms/tasks selected, and heterogeneity associated with ADHD. 
Overall, impairments in conscious error awareness are more consistently found in ADHD than 
impairments in error detection, but mixed findings suggest that more research is necessary to 
reach a consensus regarding the parts of performance monitoring that are impaired in ADHD.  
ERPs are an important tool for understanding error detection, especially in the first two 
stages of performance monitoring, because error-processing it is an internal process that a person 
may not even be aware is happening. The last phase of performance monitoring, which involves 
adjusting behavior after making an error, can be measured using reaction times. In particular, 
post-error slowing is a behavioral response adjustment that can be measured on trials following 
an error (Shiels & Hawk, 2010). It is usually determined by comparing the average reaction time 
following a correct response, to the reaction time following an incorrect response. Most 
typically-developing children are slower to respond after making a mistake, which helps them to 
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be sure their next response is correct. Many studies have found that ADHD individuals make 
significantly more errors on cognitive tasks than non-ADHD controls, while showing less post-
error slowing (Shalaine Payne, 2017; Wiersema et al., 2009; Jonkman et al., 2007; Schachar et 
al, 2004), suggesting that they exhibit poorer adaptive control (Shiels & Hawk, 2010). This may 
be because children with ADHD are not recognizing their mistakes (which would be seen using 
ERN or Pe), or because even when they recognize mistakes, they are not able to change their 
behavior. By looking at all three phases of performance monitoring, this research will help 
clarify which parts of performance monitoring are affected in ADHD. 
Role of comorbid emotion dysregulation in ADHD 
The majority of studies on performance monitoring in ADHD have not accounted for 
comorbid externalizing disorders, such as Oppositional Defiant Disorder (ODD), which is 
characterized by argumentative behavior and severe anger or irritability. This is an important 
consideration because it is estimated that up to 35% of individuals diagnosed with ADHD also 
have ODD (Barkley, 2015). Unfortunately, the differences in error processing between ADHD 
and ODD groups, is not well understood or widely studied (Jarret & Hilton, 2017). Some studies 
have suggested that externalizing behavior disorders (ADHD or ODD) are associated with 
reduced ERN amplitudes (Meyer & Klein, 2018). However, it remains unclear whether 
impairments are due to attentional difficulties associated with ADHD, or more to comorbid ODD 
symptoms. In addition, there are even fewer studies that have examined whether Pe is related to 
comorbid ODD, and what effects ODD has on post-error slowing. Thus, the next question this 
research will attempt to answer is whether performance monitoring impairments in ADHD 
adolescents can be attributed to the presence of comorbid externalizing disorders. 
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Even when children with ADHD do not meet full criteria for comorbid ODD, there is 
increasing evidence suggesting that emotion dysregulation is an important component of the 
disorder. Deficits in emotion regulation are associated with more emotional arousability, 
excitability, and lability, as well as more frustration, quickness to anger, impatience, and hostility 
(Barkley, 2015). Studies have found that some, but not all, children and adults with ADHD 
respond to emotional stimuli differently, with the majority of literature focusing on the 
dysregulation of negative emotions (Bunford et al., 2015). However, more research is also 
proposing that ADHD impairments exist for both the ability to regulate positive and negative 
emotions (Karalunas et al., 2019; Karalunas et al., 2014; Sjowall, 2012; Martel & Nigg, 2006; 
Braaten & Rosen, 2000). There is already evidence that individuals with ADHD may respond 
differently to emotional stimuli than typically-developing children. For example, by measuring 
reaction time on a visual-emotional oddball-paradigm, Raz & Dan (2015) determined that 
ADHD participants responded slower to happy faces than controls, and responded the fastest to 
angry faces. This suggests that there might be stronger responses to negative stimuli, which is 
also consistent with the results of Shusjakova et al. (2018). Despite growing recognition of the 
importance of emotion in ADHD, studies have not yet examined how emotional context affects 
performance monitoring. Rather than using neutral tasks, this experimental study uses an 
emotional go/no-go with three emotion conditions in order to examine possible effects that 
emotion might have on performance monitoring.   
Relationships between performance monitoring and ADHD symptoms 
Lastly, this research will determine if performance monitoring ability can explain ADHD 
symptom changes across development. It is unclear why some individuals with ADHD appear to 
move into remission, while other see their ADHD symptoms persist into adulthood (Michelini et 
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al., 2016). Perhaps the ability to monitor mistakes and adapt behaviors to avoid repeating those 
same mistakes is an important tool for learning and developing self-regulation. Therefore, 
impairments in conscious error-awareness, measured by diminished Pe amplitudes, may have 
important implications for development and symptom trajectories, with some studies finding 
diminished amplitudes associated with symptom persistence (Meel et al., 2007; Michelini et al., 
2016). However, the first large scale study examining the relationship between performance 
monitoring and symptom change found that ADHD remitters had better overall error processing 
for both stages of performance monitoring (ERN and Pe) than ADHD persisters (Michelini et al, 
2016). There is also little research examining post-error slowing and its potential relationship 
with symptom change. Overall, more longitudinal research is necessary to examine what stages 
of performance monitoring can potentially be associated with the remission or persistence of 
ADHD symptoms.  
Current Study 
The current study examines whether differences in performance monitoring on an 
emotional go/no-go task are related directly to ADHD or are explained by the comorbid presence 
of Oppositional Defiant Disorder.  For the first time in the literature, we also consider whether 
these impairments change under different emotional conditions. Finally, the study examines 
whether differences in performance monitoring can help explain heterogeneity in symptom 
trajectories in ADHD. We hypothesize that 1) ADHD participants will be more impaired on 
measures of performance monitoring (ERN, Pe, post-error slowing) when compared to controls; 
2) ADHD participants with and without comorbid ODD will have equally impaired performance 
monitoring (indicating that both disorders have impairments in error processing); and 3) that 
better performance monitoring will predict greater ADHD symptom remission.   
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METHODS 
Participants 
 Methods are also described in Alperin et al. (2017). 122 participants were recruited from 
a larger ongoing longitudinal study to participate in an additional EEG visit onsite. Although the 
larger study was longitudinal, each child participated in a single EEG visit. The EEG visit 
occurred at either Year 5, 6, or 8 of the longitudinal study depending on when the child enrolled. 
Participants were initially recruited from the Portland, OR area using community-based 
strategies such as public advertising and local outreach. This study was approved by the 
Institutional Review Boards at Oregon Health and Science University. Participants recruited 
from the longitudinal study were between 7-11 years of age when they enrolled and therefore 12-
16 years old at follow up. 
 Individuals were initially screened over the phone, and upon admittance into the study, 
parents/legal guardians we given and asked to sign written informed consents and adolescents 
written assent. Parents/legal guardians and teachers were then asked to complete a series of 
standardized assessments including the ADHD Rating Scale (ADHD-RS V) and Connors Rating 
Scale, 3rd edition. Parents also completed an onsite semi-structured clinical interview (Kiddie 
Schedule for Affective Disorders and Schizophrenia, K-SADS) administered by a clinician, 
where they reported both current and lifetime symptom levels and impairment, as well as age of 
onset. Other assessments were also administered to adolescents, including a two-subset short 
form of WISC-IV (Block Design and Vocabulary) to measure IQ. 
Symptom counts for inattention and hyperactivity-impulsivity were made using the 
parent (KSAD) and teacher (ADHD-RS) scores. These scores were combined using an “Or” 
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algorithm. If either the parent or the teacher endorsed a symptom then it was counted. To be in 
the ADHD group, children needed to have at least 6 symptoms in at least one of the symptom 
domains (inattention or hyperactivity-impulsivity). To be in the control group, children needed to 
have 4 or fewer current ADHD symptoms, 3 or fewer inattentive symptoms, and 3 or fewer 
hyperactive symptoms. Children also needed to meet DSM criteria for cross-situational severity 
and impairment on the KSAD. 
Exclusion Criteria at Baseline 
 Participants were screened over the phone for medication usage and neurological 
impairments. They were excluded if they were prescribed long-acting, non-stimulant 
psychotropic medications, had a history of seizures or head injuries that lead to loss of 
consciousness, had a history of substance use, were previously diagnosed with an intellectual 
disability, autism spectrum disorder, or psychosis. Individuals experiencing major depressive 
episodes and those with IQ<70 were also excluded from participating.   
Medication Washout 
 All adolescents with ADHD who were taking stimulant medications were required to be 
off their stimulant medications for either 24 hours (short-lasting stimulants) or 48 hours (long-
lasting stimulants) prior to the EEG testing. 
ODD Ratings 
 Oppositional Defiant Disorder symptoms were assessed using the symptom count from 
the KSAD. On this measure, each DSM symptom is rated as “present (1)” “subthreshold (0.5),” 
or “absent (0)”. The symptom count is the sum of each symptom rating. For the analyses, 
participants with ADHD were assigned to either an ADHD-Only Group (ODD symptoms < 2.5, 
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n=48), an ADHD-ODD Group (ODD symptoms > 2.5, n=12), or excluded (ODD symptoms 
=2.5, n=2). The ADHD-Only and ADHD-ODD groups were compared to each other and to the 
Control group.  
Symptom Change 
 ADHD symptom change was determined by subtracting the total number of ADHD 
symptoms (combined OR algorithm KSAD + teacher ADHD-RS as described above) at year one 
of the longitudinal study from the current number of ADHD symptoms assessed at follow up 
EEG testing visit.   
Experimental Procedure 
 The emotional go/no-go task consisted of three separate conditions (happy, neutral, fear) 
that were counterbalanced, with 70% go trials and 30% no-go trials. For each condition, 
participants were shown a series of 12 grey scaled faces (50% male, 50% female) from the 
NimStim set (Tottenham et al., 2009) and asked to respond to specific targets by pressing the 
spacebar on the computer keyboard. A total of 172 trials were presented for each condition, 
divided into two equal blocks (86 trials each). Condition order was counterbalanced across 
participants. In the happy condition, participants were instructed to respond via a key press to all 
happy faces, and to withhold a response for neutral faces. Likewise, in the fear condition, 
participants responded only to the fear faces and inhibited responses to neutral faces. The neutral 
condition consisted of all neutral faces in which participants were instructed to only respond to 
either the male faces or female faces, depending on the block (which was counterbalanced). Prior 
to testing, participants were given a short practice task to ensure understanding. 
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Post-error slowing 
Post-error slowing was measured on correct go trials following no-go errors (i.e., after the 
participant responded to a face when they were supposed to inhibit). Participants who did not 
have any no-go errors followed by a correct go trial were excluded from analysis, so the final 
sample size for this analysis was ADHD= 57, Control= 46. Post-error slowing was calculated as 
the difference between the average RT for correct Go trials not preceded by errors and the RT for 
correct Go trial immediately following errors. 
ERP Recordings and Analysis  
EEG recording and data preprocessing were identical to Alperin et al. (2017). EEG was 
recorded at 500Hz with 32 Ag-AgCl active electrodes using PyCorder v1.0.9. The electrode 
array was based on the international 10–20 system centered at Cz. EEG signals were amplified 
by a BrainVision actiCHamp2 amplifier (Cary, NC). EEG data were analyzed using ERPLAB 
and EEGLAB toolboxes for MATLAB. Steps included: resampling to 250 Hz, re-referencing to 
the average of all electrodes; filtering using an IIR filter with a bandwidth of .01–50 Hz; and 
removing eye artifacts independent component analysis. Recordings were referenced to Cz 
online then re-referenced offline. Response-locked epochs were created by time-locking to each 
incorrect no-go response. A baseline period of -600, -400ms was used corresponding to 
approximately -200 to 0ms before the response. Trials not used in the analyses if they contained 
baseline drift or movement artifacts greater than 90 μV. Based on a priori criteria, a participant’s 
data for a given condition were excluded from analyses if >50% of the total trials were rejected 
due to artifacts. Pe and ERN amplitudes were measured using numerical integration at site Cz 
(See Figure 1), which is a common site for analyzing error-awareness components during 
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adolescence. Pe was measured between latencies 200 and 400ms following an incorrect no-go 
trial. ERN was measured between -100 and 100ms also using numerical integration.  
Data Analyses 
All data was analyzed using SPSS v 24. Analysis included a series of repeated measures 
ANOVAs, both with and without covariates (age and sex), as well as a linear regression. 
RESULTS 
Sample description 
Adolescents with (M=13.7 years) and without ADHD (M=14.0 years) did not 
significantly differ in age (p=.232), but those with ADHD did have lower IQ scores (p=.003). 
The ADHD group also had more males (75.8%) than females (24.2%). However, when 
compared to the proportion of males in the control group (60%), there were no significant 
differences in sex (p=.069). See Table 1 for a description of the sample.  
Group Differences 
ERN and Pe Amplitudes. There were 122 participants (ADHD= 62, Control= 60). 2 
(group: ADHD, Control) x 3 (emotion: happy, neutral, fear) repeated measures ANOVAs were 
run with sex and age as covariates. There was a marginally significant difference between the 
ADHD group (M=1.040, SD=0.072) and Control group (M=1.240, SD=0.073) on mean ERN 
amplitudes, F(1,118)= 3.719, p=.056, η2= .03. The ADHD group trended towards having smaller 
ERNs. There were no main effects of Emotion F(2,236)=1.808, p=.166, and no significant 
ADHD x Emotion interaction F(2,236)=.412, p=.663. See Figure 2 and Figure 3. 
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A separate 2 (group: ADHD, Control) x 3 (emotion: happy, neutral, fear) repeated measures 
ANOVA showed there was a significant relationship between ADHD status and Pe amplitudes, 
with the Control group (M=1.728, SD=0.121) having higher mean Pe amplitudes than the 
ADHD group (M=1.369, SD=0.119), F(1,118)= 4.384, p=.038, η2=.036. There were no main 
effects of emotion, F(2,236)= 1.321, p=.269, and no significant interaction, F(2,236)=.681, 
p=.507. See Figure 2 and Figure 3. 
Post-Error Slowing. A 2 (group: ADHD, Control) x 3 (emotion: happy, neutral, fear) 
repeated measures ANOVAs showed there were no significant post-error slowing differences 
between groups F(1,99)=.033, p=.86, and no main effect of emotion, F(2,198)=.776, p=.46. 
However, there was a significant interaction between emotion and ADHD status, 
F(2,198)=3.758, p=.025, η2= .04. In other words, the ADHD group had a faster response time 
following errors in the Happy condition than controls, but a slower response time following 
errors in the Fear condition than controls. They did not differ from controls in the neutral 
condition. See Figure 4. 
Comorbidity Group Differences 
        ERN and Pe Amplitudes. A 3 (group: ADHD-only, ADHD-ODD, Control) x 3 (emotion: 
happy, neutral, fear) repeated measures ANOVA showed there was no significant difference in 
ERN amplitudes between the three symptom groups, F(2,115)=2.385, p=.097, η2= .040. There 
were also no main effects of emotion and no interaction. 
A separate 3 (group: ADHD-only, ADHD-ODD, Control) x 3 (emotion: happy, neutral, 
fear) repeated measures ANOVA showed there was a marginally significant difference in Pe 
amplitudes between the symptom groups, F(2,115)=2.989, p=.054. Controls had larger Pe 
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amplitudes than both the ADHD-Only and ADHD/ODD groups across all conditions. The 
ADHD-only group had a trend towards higher Pe amplitudes than the ADHD/ODD group.  
Predicting Symptom Change 
There was no significant relationship between ERN Fear or Gender and symptom change 
(all p > .49). Adding covariates to the model did not change the results. However, larger Happy 
ERN predicted greater symptom improvement (R2=.057, p=.016). When covariates were added 
to the model, ERN remained marginally significant (R2=.105, R2∆=.031, p=.070).  
There were no significant relationships between Pe and symptom change (all p >.38). 
Adding covariates to the model did not change the results. 
There were no significant relationships between post-error slowing and symptom change 
(all p >.37). Adding covariates to the model did not change the results. 
DISCUSSION 
This research examined if performance monitoring abilities are different between ADHD 
adolescents and controls. The second aim of this research was to determine if performance 
monitoring impairments were primarily attributed to the comorbid presence of Oppositional 
Defiant Disorder. Lastly, we examined if performance monitoring components could predict 
ADHD symptom trajectories. 
 Results showed group differences for both components of performance monitoring. The 
ADHD group appeared to have slightly smaller ERN amplitudes than controls, suggesting that 
initial error detection and general monitoring may be slightly more impaired in adolescents with 
ADHD. This aligns with the research of Groom et al. (2009) and Meel et al. (2007), who also 
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reported diminished ERN amplitudes in the ADHD group compared to controls. These results 
differ from other studies, which found no group differences for ERN (Wiersema et al., 2009; 
Zhang et al., 2009). The ADHD group also appeared to have smaller Pe amplitudes than 
controls, which is consistent with other studies (Marquardt et al., 2018; Wiersema et al., 2009), 
and suggest a greater lack in conscious error awareness. Our research supports prior research that 
has found more consistent evidence for impairments in Pe than ERN (Shiels & Hawk, 2010). 
The group differences found in this study were consistent across all of the emotion conditions, so 
neurophysiological evidence did not support any specific effects of emotion on error processing.  
Overall, results suggest that error processing is impaired in ADHD adolescents and that 
the ability to detect errors is not dependent on emotion. In contrast, post-error slowing 
differences in ADHD adolescents did appear to be dependent on emotion. The ability to make 
behavioral adjustments following a mistake was impaired for both fear and happy emotions but 
in opposite ways. In the happy condition, ADHD adolescents exhibited less post-error slowing, 
and therefore impaired behavioral adjustment, compared to controls. On the other hand, ADHD 
adolescents showed more post-error slowing than controls on the fear emotion conditions. This 
demonstrates the importance of considering emotion regulation differences in ADHD 
adolescents. Literature suggests that individuals with ADHD may have difficulty regulating 
emotions and therefore show a stronger response to both positive and negative emotional stimuli. 
In this case, adolescents with ADHD may get overly excited and display a greater approach 
response to positive stimuli (the happy faces), but a greater withdrawal response to negative 
stimuli (fear faces), both of which prevent them from appropriately adjusting their behavior.  
Overall, results suggest that adolescents with ADHD have impaired error processing that does 
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not vary by emotion, but more difficulty adjusting behavior in emotional than non-emotional 
conditions. 
When examining the three ODD-related symptom groups, the ERN amplitudes for 
ADHD adolescents with and without ODD symptoms and the controls were not significantly 
different, suggesting that initial unconscious error awareness and monitoring ability was about 
the same. In other words, ODD did not appear to have a significant effect on unconscious error-
awareness for ADHD individuals. However, results showed marginally significant differences 
for Pe amplitudes between the three groups, with the ADHD-ODD having marginally smaller 
mean Pe amplitudes than the ADHD-Only group. This could possibly indicate that ODD 
symptoms may have an influence on conscious error-awareness, although the effect may be 
small. 
ADHD total symptom change was only predicted by ERN amplitudes for the happy 
condition. Higher ERN amplitude was associated with greater symptom improvement, and thus a 
greater decrease in the total number of ADHD symptoms. Michelini et al. (2016) also found that 
higher ERN amplitudes were associated with ADHD remitters, but that remitters also had higher 
Pe amplitudes. Our study showed that Pe was not associated with symptom change. The ability 
to regulate behavior and learn from mistakes in a variety of situations throughout adolescence 
may result in less overall ADHD symptom impairment. Therefore, better error detection in 
childhood could result in improved attention in late adolescence. This has clinical significance, 
because more interventions and additional assistance could be recommended for those 
individuals determined to be more at risk for symptom persistence. 
While initial unconscious error-awareness had some ADHD predictability, conscious 
error-awareness was not predictive of ADHD symptom change, which was opposite of what was 
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hypothesized. Therefore, our results are more closely aligned with Michelini et al. (2016), who 
found that ADHD remitters had higher ERN amplitudes. Post-error slowing was also not 
predictive of symptom change. 
Limitations 
Findings should be interpreted considering several limitations. First, only one of our 
measures of performance monitoring predicted symptom change. Replicating the effect will be 
important for making sure it is not a false positive finding. Nonetheless, the ability to predict 
future symptom trajectories from a single measure of error-awareness earlier in childhood should 
not be taken lightly. The complexity of ADHD and the fact that this study was able to predict 
change over the course of 5-8 years provides more evidence for the importance of performance 
monitoring ability and emotion regulation in childhood. With earlier identification of ADHD 
children at risk for symptom persistence, hopefully additional help and resources will be made 
available. Additional help may come in many forms, including additional therapy/counseling for 
emotional and behavioral struggles, participation in afterschool learning programs, one on one 
tutoring, additional academic support, and individualized school curricula.     
Another limitation to this study was that we had a very small sample of ADHD 
participants with comorbid ODD (n=12). This may mean the lack of statistical power necessary 
to capture the real group differences if they existed. The reason for the lack of comorbid ODD is 
because children with comorbid ODD were not specifically targeted when our participants were 
recruited. Additional studies with larger comorbid groups are needed.  
Lastly, it would have been more effective if our study design had performance 
monitoring data from year 1, instead of only at follow up. Although recording EEG measures 
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years after the participants were initially recruited is not ideal, this method of data collection is 
not uncommon. This approach of collecting ERP data at later time points is similar to what other 
longitudinal studies have also done. The reason for our research design is partly because the EEG 
testing was not part of the initial longitudinal design. Even without year 1 EEG data, we were 
still able to have some confidence in predicting ADHD symptom change partly due to the 
assumption of rank order stability across development. The ERN and Pe measures are considered 
biomarkers (Martin et al., 2018), and we can generally assume that an individual’s overall rank 
on these performance monitoring measures will remain relatively consistent across time.  
Conclusions 
The current study found that children with ADHD have impairments in error detection 
and awareness that do not depend on emotion, but that problems adjusting behavior are worse 
under emotional than non-emotional conditions. In addition, impairments were generally not 
attributable to comorbid ODD. Finally, differences in error detection, particularly in positive 
emotion conditions, predicted ADHD symptom change. These results contribute to 
understanding how performance monitoring relates to symptom change, and to understanding 
emotion regulatory processes in ADHD.  
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Table 1. Sample Description, n=122 (ADHD=62, Control=60). 
Variable Control ADHD Statistics 
Age (years) 14.0 (1.1) 13.7 (1.5) p=.232 (ns) 
Sex (% male) 60% 75.8% p=.069 (ns) 
IQ 116.3 (12.1) 106.9 (13.9) p=.003 
% White, non-Hispanic 75.40% 75.40% p=.995 (ns) 
Stimulant Medication N/A 61.80% N/A 
Median Income 75-100K 35-50K p=.021 
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Figure 1: Headplot featuring site of 32 channel electroencephalogram recording at electrode Cz. 
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Figure 2. ADHD response-locked ERPs across emotion conditions. 
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Figure 3. Control response-locked ERPs across emotion conditions. 
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Figure 4. Post-error slowing interaction between group and emotion condition 
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